Mineral carbonation (MC) is a form of carbon capture and storage that reacts CO 2 with alkaline feedstock to securely store CO 2 as solid carbonate minerals. To improve process economics and accelerate commercial deployment, research has increased around product utilization, where markets exist primarily in the construction industry. This review assesses the potential for advancing MC product utilization to decrease CO 2 emissions toward neutral, or even negative, values. First, the literature surrounding the current state and challenges for indirect MC processes is reviewed, indicating that process intensification and scale-up are important areas for further research. Alkalinity sources available for MC are examined, differentiating between those sourced from industrial processes and mining operations. Investigation of possible end uses of carbonate products reveals that further CO 2 avoidance can be achieved by replacing conventional carbon-intensive products. Companies that are currently commercializing MC processes are categorized based on the feed used and materials produced. An analysis of company process types indicates that up to 3 GtCO 2 year -1 could be avoided globally. It is suggested that upcoming commercial efforts should focus on the carbonation of industrial wastes located near CO 2 sources to produce precast concrete blocks. Carbonation of conventional concrete shows the highest potential for CO 2 avoidance, but may face some market resistance. Carbonation of Mg silicates lacks sufficient market demand and requires the development of new high-value products to overcome the expense of mining and feed preparation. It is suggested that research focus on enhanced understanding of magnesia cement chemistry and the development of flame-retardant mineral fillers. C The role of mineral carbonation in mitigating climate change H igh levels of anthropogenic CO 2 emissions over the past century have given rise to changes in the Earth's climate. More than 36 billion tonnes of CO 2 (GtCO 2 ) are emitted annually, and roughly 60% are sourced from exhaust streams of industrial facilities and power plants (i.e., point-source emissions).
It is clear that combating climate change and avoiding 2°C warming by 2100 will require a portfolio of climate mitigation strategies that includes both avoiding emissions and directly removing them from the atmosphere. [2] [3] [4] A recent report by the National Academy of Sciences states that to meet climate goals, it is necessary (and technically feasible) to remove 10 GtCO 2 per year up to 2050, with an increase to 20 GtCO 2 each year from 2050 to 2100. 5 Emissions may be avoided through the capture of point-source CO 2 emissions and subsequent storage in a permanent form (i.e., carbon capture and storage, CCS). Additionally, CO 2 may be removed directly from the atmosphere and coupled with the permanent storage of CO 2 via negative emissions technologies (NETs). These NETs can help mitigate the impact of emissions from difficult-to-avoid sources.
Mineral carbonation (MC) involves reacting CO 2 with an alkalinity source to produce solid carbonate minerals. This approach may be coupled with point-source emissions to avoid emissions or coupled with direct air capture to achieve negative emissions. Hence, it has the potential to have a significant impact on climate change mitigation. The general MC reaction is shown in Eqn (1) , where M is a divalent metal cation, typically Mg 2+ or Ca 2+ .
MO + CO 2 → MCO 3 (1)
First introduced as a concept by Seifritz in 1990 6 and further explored conceptually by Lackner et al. in 1995, 7 research on MC as a means of CCS has accelerated considerably with related publications more than tripling each decade since 1990, rising from 154 in 1990-1999 to 1512 in 2010-2019. 8 Recently, a few pilot projects exploited favorable conditions to perform MC. In Iceland, the colocation of geothermal energy, CO 2 waste streams, water, and large basaltic formations has allowed Carbfix to perform MC in situ. 9 The project has captured 12 ktCO 2 to date, and the technology has the potential capture more than 100 000 GtCO 2 . 10 Additionally, carbonation of diamond mine tailings by contact with atmospheric CO 2 has been demonstrated by the De Beers Group of Companies, which aims to make some of its mines carbon neutral within the next few years. 11, 12 While other alkaline materials are present in vast quantities, some challenges have prevented MC from being widely implemented on a commercial scale. While MC is thermodynamically favorable, the natural kinetic rates occur on the geologic timescales (millennia). Accelerating the process requires the elevation of process conditions, such as the partial pressure of CO 2 and/or the use of caustic additives. Both of these acceleration methods can contribute considerably to increases in process economics and energy usage, potentially resulting in additional CO 2 emissions. To offset the costs of MC, the carbonate minerals may be utilized in various industries (e.g., the construction industry), an approach often termed carbon capture, utilization, and storage (CCUS).
Recently, several CO 2 utilization methods have been summarized and evaluated, primarily including the chemical or biological conversion of CO 2 to chemicals and fuels, the use of supercritical CO 2 as a solvent, and MC to produce construction materials. 5, 13, 14 Among these methods, the National Academy of Sciences reported that MC is among the largest and most energy efficient, and is the method closest to commercial scale due to its thermodynamic favorability and market size. 5 Through life cycle analysis, MC was found to most effectively reduce net CO 2 emissions. 13 There are already eighteen operational CCUS facilities around the world, 15 and CO 2 utilization will become increasingly viable as carbon pricing and tax credits evolve. A relatively new US federal tax credit called 45Q gives a credit for operations that store at least 25 ktCO 2 per year for beneficial reuse, or at least 100 ktCO 2 for permanent storage. These credits amount to 22 and 34 USD tCO 2 -1 , respectively, with incremental increases each year. 16 Both of these qualifiers could apply to CCUS with MC, potentially allowing for a combination of tax credits, but this is a slight ambiguity with 45Q that should be clarified.
MC and market potential
Carbonate minerals are currently used in a wide array of industries, including construction, paper and pulp, pharmaceutical, agricultural, and refractory metals. However, as illustrated in Fig. 1 , some of these applications result in the release of CO 2 , and thus are not well-suited for long-term CO 2 storage. Of the suitable applications, the construction industry presents the largest opportunity in terms of consumption volume, overall emission avoidance, and readiness for commercial scale. 5 The largest commodity of the construction industry is undoubtedly concrete. Conventional concrete consists of cement, water, and aggregates of varying size (gravel, sand, crushed stone). Portland cement (PC), making up 15% by weight of concrete, is globally consumed at a rate of 4.1 Gt per year and emits about 840 kgCO 2 per tonne. 17, 18 The high emissions are a result of clinker production, PC's main ingredient. Clinker production requires considerable thermal energy for reactor temperatures above 1500°C (i.e., combustion emissions) and also releases CO 2 as a byproduct of calcining limestone (i.e., process emissions). The use of a hydrogen-fired kiln or an electric kiln, such that the electricity is sourced from a low-carbon energy resource, could offset the combustion emissions of the process. However, these technologies remain in their infancy today and do not avoid the CO 2 that is released from the thermal reduction of CaCO 3 to CaO (lime) and CO 2 . Although minimizing the use of PC in new construction projects would have a large impact on the industry's emissions, finding an alternative with equitable reliability and cost has proven difficult (see the sections titled "Alkalinity available for MC" and "Marketable products of MC").
Crushed stone construction aggregates have a global demand of 22.5 Gt, 19 where the majority of material used is limestone and dolomite (carbonates). While this presents the largest conventional carbonate market today, crushed stone is inexpensive and readily available at just under 12 USD t -1 . 18 Although other applications such as fillers for paints and paper have a value up to 550 USD t -1 , 20 the higher-purity requirements (>99%) can add cost to MC processes, as discussed in greater detail in the section titled "Marketable products of MC." Therefore, MC products should possess physical or economic characteristics superior to naturally mined carbonate minerals or present new end uses not yet established by their natural counterparts. This review will begin with a brief overview of MC research to date in the section titled "Overview of MC processes," with emphasis on the challenges that exist in the field today. The section titled "Alkalinity available for MC" will cover the available sources of alkalinity to be used for MC, with implications of suitability for CCUS. Finally, the section titled "Marketable products of MC" will discuss marketable products that may be possible through MC processes.
Overview of MC processes
Alkalinity sources can be carbonated by exposing them directly to CO 2 or by converting them to a more reactive form before CO 2 exposure, thus reacting them indirectly. Each pathway has its advantages and disadvantages. While direct MC provides a simpler and cheaper one-step process, it often does not completely carbonate the available alkalinity, and yields products of lower purity. Indirect MC employs extraction of available alkalinity from the initial source and removes undesired species (e.g., silica) before carbonation. 21 Therefore, indirect MC is better suited for utilization of the carbonate products, despite the more complicated process. Storing CO 2 in mineral form with the potential for utilization may assist in offsetting process costs; hence, indirect MC will be the focus of this review.
Challenges with alkalinity extraction
Extraction of alkalinity is naturally limited by the diffusional limitations of Mg 2+ or Ca 2+ out of the mineral's lattice structure. While the exact kinetics varies based on the alkalinity source, extraction is widely modeled by the shrinking core model for reacting particles. 22, 23 Due to the diffusive limitations, many mineral activation processes have been explored to expedite the reaction rate.
Mechanical activation
A key parameter in MC systems is the reactant particle size. For larger particle sizes, the extraction of Mg 2+ and Ca 2+ out of the particle severely limits the reaction rate. Particle size reduction is often used to increase the reactive surface area, subsequently increasing the rate of reaction. Since larger particle sizes severely limit the reaction kinetics, particle size reduction via grinding is shown to have a large effect on the extraction rate. 24 Many researchers have evaluated the effects of grinding on extraction processes. [24] [25] [26] Improvements in Mg 2+ extraction are great when the particle size is reduced from 500 to 300 µm; however, the magnitude of improvement decreases from 300 to <75 µm. 24 Based on these analyses, the optimum particle size is ß75 µm, where further particle size reductions do not exhibit the same increase in reaction rate. In addition to increased surface area, particle size reduction by grinding also changes the surface shape and can induce microcracks in the existing lattice structure. 26 This can lead to increased specific surface area and allow for increased diffusion rates. While grinding is advantageous, there are high energy requirements for grinding particles to the desired size. 27 Both the cost associated with grinding and the emissions from electricity consumption are challenges to this method.
Chemical activation -acid extraction
Acid extraction involves submerging alkaline minerals in acidic solutions to expedite the process, effectively releasing the desired cation(s) into the solution. Strong acids are shown to be more effective for extraction than weaker acids and bases. 29 While strong acids work well for extraction, they also pose many problems to the overall MC process. These challenges can be broken into two major categories: the process cost and the associated emissions. First, many acids that work well for the extraction process (such as HCl and H 2 SO 4 ) are corrosive to metals. This increases the overall capital and operating costs of the system. In addition to corrosivity, Table 1 outlines other hazard considerations for many acids tested for MC purposes.
Additionally, there is a high cost associated with obtaining the volumes necessary to perform alkalinity extraction on a large scale. While some acid may be recoverable, this cost will be periodically incurred due to losses within the system. Following extraction, the low pH of the solution inhibits the dissolution of CO 2 into carbonic acid (H 2 CO 3 ) for subsequent carbonation reactions. Therefore, additional costs are associated with bases required to raise the pH. Other considerations include the energy requirements and emissions associated with producing the acid.
Chemical activation -solid-solid reaction with ammonium sulfate
Based on a 1967 patent by Frederick Pundsack, 49 this process involves heating alkaline material with ammonium sulfate ((NH 4 ) 2 SO 4 ). At elevated temperatures (>400°C), the magnesium in the mineral ions in a solution that can be used for subsequent carbonation steps. Additionally, the ammonia gas and the sulfate ions in the solution can be used to regenerate the ammonium sulfate reactant. 50 A schematic is shown in Fig. 2 . It is important to note that this process specifically targets magnesium, and other pretreatment methods may be more advantageous for Ca-rich feedstocks. The solid-solid reaction with ammonium sulfate is highly energy intensive, requiring thermal energy to reach and sustain high temperatures. Additional energy penalties also result from adding the regeneration reaction for the ammonium sulfate. Thus, high operating cost and emissions from thermal energy are key challenges for this process.
Thermal activation
Another pretreatment method is thermal activation, that is, heating the alkaline material to maximize reactivity. The most rigorously studied thermal activation is the dehydroxylation of serpentine. [52] [53] [54] Similar to the solid-solid reaction above, the thermal pretreatment process requires energy to achieve and maintain high temperatures, leading to increased operating cost and greater process emissions, decreasing the net CO 2 captured and stored.
Challenges with the carbonation step
During indirect MC, the carbonation step is generally performed in an aqueous solution. This creates various diffusion-related limitations and complications with formation of specific products, summarized in Fig. 3 .
Considerations with CO 2
The dissolution of carbon dioxide into water is controlled by Henry's law (Eqn 2), where the concentration of CO 2 in solution (C CO 2 (aq) ) is directly proportional to the partial pressure of CO 2 (P CO 2 (g) ) with Henry's constant (K H,CO 2 ). 28 An increase in temperature causes a decrease in solubility due to the governance of Henry's constant by the van't Hoff 55 where K H,CO 2 (298K) is 10 −1.47 mol L −1 atm −1 . Here, the standard enthalpy change ( H o ) is assumed to be independent of temperature, and R is the ideal gas constant. 56
Thus, carbonate precipitation rates decrease at higher temperatures despite hydroxide dissolution kinetics being positively proportional to temperature. 57, 58 Increases in reaction rate can be realized through the use of mixing and a high CO 2 flow rate. Further, CO 2 introduction through a smaller inlet to the reaction vessel or as small bubbles increases the reactive surface area, thus increasing the reaction rate. 59 
Passivating product layer
Often during carbonate precipitation, a passivating layer forms around the reacting alkaline particles, inhibiting further carbonation. [60] [61] [62] Reports in the literature on the nature of this layer vary. Its composition typically consists of carbonate products, 60, 61 but has also been deemed to be a decalcified Si-rich layer, 62 indicating that the layer's composition depends on the composition of reactive species in the system. The effect of the passivating layer depends on its porosity, 61 where a less porous layer has a higher passivating effect. Passivating layer formation is likely a result of the difference in the rates of carbonation and product diffusion. It has been found that milder conditions (pure H 2 O vs. dilute HCl) result in almost complete carbonation. 63 Here, the faster carbonation rate of dilute HCl likely causes a product layer to form and inhibit further reaction. Limitations due to product layer diffusion can be overcome by enhancing mass transfer within the multiphase reaction system using a well-designed reactor. 28, 58 Product selection Different process conditions must be considered depending on the cation(s) present in the alkalinity source, as Mg 2+ and Ca 2+ behave differently in aqueous carbonation systems. The carbonation of Ca 2+ occurs at a lower temperature because it has a smaller enthalpy of reaction ( H) than that of Mg 2+ . 64 The difference in ionic radii among Mg 2+ and Ca 2+ (72 and 100 pm, respectively) gives rise to a difference in charge to radius ratios, affecting the interactions with other ions. Due to the higher ratio for Mg 2+ , it has a high hydration activity and hosts strongly bonded hydration layers. 65 A low ratio of Mg 2+ to CO 3 2− could overcome the increased hydration activity of Mg 2+ ions, as carbonate anions have a larger radius and are not completely surrounded by water. This allows for easier adsorption on the crystal surface. 66 Practically, this could call for higher volumes of CO 2 fed into the system and the adoption of a recycling method of unreacted CO 2 .
Precipitating Mg-based carbonates often involves dealing with both hydrated and anhydrous minerals, as shown in Table 2 . Magnesite, the anhydrous form, has the most efficient use of Mg with a 1:1 ratio to CO 2 , requires less process water due to its lack of crystalline water molecules, and is the most thermodynamically stable. 67 Magnesite is also lighter than hydrated carbonates, translating to cheaper transportation costs. Despite its favorability, production of magnesite requires extensive amounts of energy. An investigation of Mg-carbonate systems found that the first species formed is metastable nesquehonite (25°C, 1 bar P CO 2 ), followed by metastable hydromagnesite (120°C, 3 bar). Hydromagnesite then very slowly transitions to magnesite until reaching 100 bar, the most favorable pressure for magnesite production. 66 In general, forming magnesite at rates adequate for large-scale processes requires temperatures above 100°C, P CO 2 around 100 bar, and/or long reaction times. 67 To overcome the kinetic barrier for anhydrous magnesite precipitation, seeds can be incorporated into the reaction system. Use of magnesite seeds can completely bypass the formation of hydrated carbonate phases, and could be practically implemented through the addition of a product slip stream into the reactor. 67 Hydrophobic activated carbon seeds have been shown to increase magnesite concentration by up to 200% by repelling water molecules during the transition from hydromagnesite to magnesite. 69 The rate constant for calcite precipitation at ambient conditions is six orders of magnitude larger than that of magnesite, as there is far less hydration activity involved. 70 However, there exist several polymorphs of calcium carbonate. Amorphous calcium carbonate (ACC) is the least stable, often transforming into one of three crystalline phases: calcite, aragonite, or vaterite. For indirect MC, calcite and aragonite are by far the most stable and commonly formed, 71 and are the preferred forms in industry. 72, 73 
Areas for further research
To overcome the challenges that exist in mineral activation processes, energy integration within the system may be helpful, as well as utilizing the exothermic nature of the carbonation reaction for dissolution. Further, additional research on brines and other alkaline liquids that do not require a dissolution step but contain carbonation-ready alkalinity may also help in advancing MC technologies. This includes materials such as brines from desalination processes, natural gas or oil extraction, or some industrial mining processes. 74, 75 The field would also benefit from research on detailed scale-up of MC processes. Information from these experiments would provide insight into MC with flue gas conditions and processing larger volumes. Finally, materials characterization work should be performed on the various carbonates to determine which product is optimal for CCUS. This would involve determination of both the target market and the carbonate product that optimizes property superiority and production cost.
Alkalinity available for MC
To achieve CCUS with MC, one must start with a reactant source containing sufficient alkalinity (i.e., Mg 2+ and Ca 2+ cations). Alkalinity is abundant within both natural silicate minerals and wastes of industrial operations. Each alkalinity source comes with its own advantages and disadvantages in terms of ease of access, alkaline concentration, and cost, and should be assessed before subjecting to an MC process.
Industrial alkalinity sources
Industrial wastes are considered 'low-hanging fruit' for MC due to their size and availability. The solid particles typically satisfy size requirements without additional grinding. 21, 28 Further, these wastes are produced annually as a byproduct of their respective industrial processes, presenting opportunity for a continual feedstock for MC. Oftentimes, wastes also exist in large stockpiled quantities that have accumulated over the years due to the lack of appropriate utilization or recycling methods. Carbonation of landfilled wastes also has the advantage of neutralizing potentially harmful waste and saving on high landfill costs (e.g., 150-500 EUR tonne -1 ). 76 Two industrial wastes most commonly investigated for MC are steel slags (SS) and coal fly ash (FA).
Worldwide, SS and FA are produced at rates of about 400 and 660 Mt per year, respectively. 77, 78 Despite a lower production rate, SS is the more concentrated alkalinity source with the capacity to capture about 0.41 tCO 2 tSS -1 , compared to about 0.22 tCO 2 tFA -1 . These values are based on stoichiometric conversions from MgO and CaO content reported in the literature. 79, 80 Each year, it is estimated that 51.7 million m 3 of waste brine is produced from just under 16 000 operational desalination plants worldwide, 81 containing an average concentration of 2360 and 730 g m -3 in Mg 2+ and Ca 2+ , respectively. [82] [83] [84] Desalination is an energy-intensive process, requiring 4-23.5 kWh m -3 of produced water, depending on the process used, 85 and would benefit from carbon footprint reductions through MC.
Another form of alkaline waste are air pollution control residues (APCr) generated through municipal solid waste incineration (MSWI). When waste is incinerated, the acidic gaseous emissions are contacted with Ca(OH) 2 for neutralization, creating APCr that are often concentrated in both heavy metals and Ca-species. 86 Thus, carbonation of APCr presents opportunity for carbon storage and hazardous waste neutralization. Globally, 11% of the 2.01 Gt of municipal solid waste is incinerated, 87 and a further 3.5% is converted to APCr. 88 Concrete production/manufacturing is a carbon-intensive process, but CCUS can be realized by taking advantage of chemistry in ordinary PC mixtures. There exists carbonation potential among the various Ca-silicate species and CaO that are hosted within cement and cement kiln dust. Cement kiln dust is a potentially hazardous waste generated during cement production. It is produced at a rate of about 500 Mt per year and consists of about 65% CaO. 89 Additionally, concrete could be carbonated while it is being laid, resulting in enhanced properties. This process is discussed further in the section titled "Analysis of current commercial efforts."
Information on different alkaline wastes is summarized in Table 3 . Carbonation capacity is calculated by converting all MgO and CaO contents to magnesite and calcite, respectively. This does not account for whether the alkaline oxide species are labile or strongly bound to other species (e.g., silicates) that would affect their ability to be carbonated. The annual CCS potential presented is based solely on feed abundance and carbonation capacity. This does not include any measure for efficiency and, as such, should 
Current markets and potential growth
For some industrial alkalinity sources, there already exists a market that would compete with new efforts for MC. Additionally, the production rate of some alkalinity sources is expected to change in the coming years. Most MSWI is performed by upper-middle-to high-income nations, while low-income nations openly dump most of their waste. Hence, MSWI installment should increase due to projected MSW generation growth to 2.6 Gt in the next decade 87 and the development of better waste handling practices in lower-income nations. Production of desalination brines is also expected to increase rapidly in the future due to increased water demand and water scarcity intensification. 81 Cement production in China is expected to decline in the long term, where 60% of the world's cement is produced. On the contrary, cement production increases are likely for developing Asian and African nations (e.g., India), resulting in an overall moderate growth in the next decade on the global scale. 90 It is estimated that concrete production during the period of 2016-2050 will be in the order of 650-800 Gt. 91 A common way to curb the CO 2 emissions associated with concrete is replacing portions of PC, concrete's most CO 2 -intensive ingredient, with supplementary cementitious materials (SCMs). Two of the most typical SCMs used today are SS and FA, and while their use as SCMs results in decreased emissions in the concrete industry, it creates direct competition for utilization as MC feedstock. About 50% of FA produced worldwide is already utilized. 78 The utilization rate of SS is at or near 100% for many developed countries, 92 but is quite low for most developing countries. China utilizes about 30% of its SS, with nearly 300 Mt stockpiled in landfills as of 2016. 93 While the global steel demand is expected to experience mild growth (about 0.8% per year until 2025), 94 pressure has been placed in several countries to decrease coal consumption. This could affect the long-term availability of these industrial wastes for the purpose of new MC operations.
Mined alkalinity sources
Another source of alkalinity for MC is found in natural silicate minerals, particularly within ultramafic rocks. Resources of ultramafic rock are in the range of 100s of millions to 100s of billions of tonnes. 4 This greatly increases the overall CCUS potential of MC due to its high carbonation potential compared to that of the wastes listed in Table 3 . In contrast to industrial wastes, natural silicate minerals must be extracted from the ground and processed, and their availability would depend on the mining capabilities of MC operations. This is with the exception of mine tailings, which are the waste generated as a result of mining for commodity minerals. Similar to solid industrial wastes, tailings are typically of fine particle size, produced regularly, exist in stockpiles at various mine sites, and are also considered a 'low-hanging fruit' for MC. Annual production of ultramafic (and mafic) tailings is estimated to be about 200-400 Mt year -1 . 4, 89 The carbonation capacity of both mined rock and mine tailings depends highly on the minerals present. Table 4 lists common silicate minerals containing alkalinity and the amount of CO 2 that can be stored with one tonne of each mineral. This amount varies with the ratio of CO 2 to metal oxide in the carbonate mineral and the distribution of divalent cations within the alkaline mineral feed. 89 The amount of water within hydromagnesite and nesquehonite should be noted, as this impacts the amount of material required for the MC process.
In comparing the amounts of CO 2 stored as magnesite or calcite in Table 4 to those listed in Table 3 , it is apparent that alkaline minerals are generally able to store far more CO 2 than industrial wastes. However, while carbonation capacity for these natural silicate minerals is based on the individual mineral, most rocks also contain other minerals that are deficient in Mg 2+ and Ca 2+ or could compete for the cations and precipitate undesired products, such as clays. This indicates that a significantly larger rock mass may be required to capture the same amount of CO 2 depicted in Table 4 . 95 Performing MC with mined minerals also carries the cost of mining. The added cost of mining depends primarily on the size of the operation and rock hardness, and is estimated to be about 7-15 USD tCO 2 -1 . 96
Marketable products of MC

Analysis of current commercial efforts
It is important to consider the market size and value of the different products synthesized through MC. As discussed previously in the section titled "The role of mineral carbonation in mitigating climate change" and illustrated in Fig. 1 , not all of the current end uses of carbonate minerals result in stable storage of CO 2 . While other plausible products present options for utilization (to be discussed later in this section), the construction industry presents the most viable opportunity for utilization. Presently, there are several commercial efforts involving MC in which products are sold in the construction industry. 97, 98 Such efforts may be grouped by those that are making changes to PC-based concrete mixtures (Type 1) and those that are producing materials without PC (Type 2). Within the two main types, processes differ by product and/or alkalinity source, making the five generalized categories shown in Fig. 4 . Process Type 1-a involves the production of synthetic aggregates, which are an essential ingredient of concrete as they provide volume and stability. The global aggregate market, including sand, gravel, crushed stone, and others, amounts to about 53 Gt year -1 . 19 Because conventional aggregates are low-value commodities with relatively low associated emissions (7.85 kgCO 2 -e per tonne of aggregate), 99 synthetic aggregates produced through MC should present superior qualities and/or contain large amounts of CO 2 in order to be competitive. It should be noted that while aggregates are necessary for PC-based concrete, they may also be used in the non-PC based mixtures of some Type 2 processes.
Processes in Type 1-b refer to the CCUS method alluded to in the section titled "Industrial alkalinity sources," where concrete is cured with CO 2 . Immediately after concrete has been placed, its properties begin to develop through hydration reactions, the rate and extent of which are affected by moisture presence and temperature. The process of curing involves regulating moisture content and temperature to allow the specified properties to be achieved. 100 While curing generally occurs due to water presence, it is also possible to cure with CO 2 , enhancing durability and strength properties and storing CO 2 . 101,102 Based on stoichiometry, up to 10 kgCO 2 may be stored per tonne of concrete. 5 This results in a concrete product with superior properties to conventional concrete, and has already been successful in current markets. 97, 103, 104 Concrete products such as this face less issues with acceptance within the industry compared to alternative cementitious materials due to the similarities in chemistry with the more established conventional concrete. Solid industrial wastes, namely SS and FA, have been widely used in concrete mixtures since the 1950s as SCMs alongside PC as a means to enhance performance and decrease carbon footprint. 105, 106 Companies within process Type 2-a aim to expand upon this method by carbonating these solid wastes to manufacture cementitious materials without using PC. Performing MC with waste brines (process Type 2-b) generally results in the synthesis of nesquehonite, which can exhibit strength properties similar to that of gypsum-based products. 107 Gypsum fiberboards are used for their properties of fire resistance and thermal and acoustic insulation, 108 and are consumed at a rate of nearly 800 million boards per year in the United States. 18 A common theme among Type 2 processes (and sometimes Type 1-b) is the synthesis of precast concrete materials such as concrete blocks and cement boards. Precast concrete has been used in US construction projects predating 1920, 109 and now constitutes up to 30% of the country's concrete market. 101 The use of precast concrete brings the advantages of an accelerated construction process, enhanced quality, decreased project costs, and increased sustainability. 110 This manner of concrete production is advantageous for utilization of MC products as it provides more opportunity for quality control in a factory setting as opposed to manufacturing in the field (e.g., for curing with CO 2 ). The consumption of concrete blocks and cement boards in North America in 2018 was about 6025 and 2950 million units, respectively. 101, 111 The value of a standard 8" × 8" × 16" concrete block is in the order of 1 USD, 112 while that of a 4' × 8' × 0.5" cement board is about 30 USD. Although the value is seemingly low, the consumption volume is enough to present a viable utilization opportunity, especially as sentiment of construction industry professionals towards precast materials continues to increase. 110 Table 5 summarizes the market size and related emissions of commodities that could be produced through MC processes. The CO 2 intensity of products conventionally used presents opportunity for further avoided emissions. Cement and concrete comprise the largest amount of market use and emissions, where bulk concrete estimations are based on being composed of 15% cement. Despite having a relatively low market use, production of gypsum boards has a high emissions intensity. The problem of CCUS with Mg-based carbonates is further illustrated here, as the two main products, magnesite and gypsum boards, have the smallest markets shown in the table. Although Values are calculated based on the feed availability and CO 2 capacity given in Tables 3-5 . Information for products from specific companies is interpreted from released publications or company websites. 5, 75, 79, 82, [118] [119] [120] [121] [122] [123] [124] [125] [126] the cost of magnesite is relatively high, it reflects the market price of magnesite for the production of magnesia, 113 where additional energy is used to calcine magnesite and release the stored CO 2 . Work should continue to find new uses for Mg-carbonates for the purpose of CCUS. By combining data from Tables 3-5 with information from company publications and websites, the potential for CO 2 avoidance by each process type has been evaluated on a global scale, shown in Table 6 . The 'CO 2 capacity' is the amount of CO 2 embodied by each product and is based on information from company publications and websites. The 'CO 2 avoided per product' is the sum of the product CO 2 capacity and the emissions avoided by replacing the conventional product. The 'limiting factor' indicates whether the amount of feed available is much smaller than the product market size, or vice versa. The 'global CO 2 avoidance' is a function of the limiting factor and is the maximum value of CO 2 avoided each year if all available feed is carbonated or the entire current product market is filled with the respective process type.
Despite its relatively low CO 2 capacity and CO 2 avoidance per product, process Type 1-b presents the largest annual emissions avoidance. Type 1-b and 2-b both benefit from the vast feed availability of concrete and brines, respectively. The market size of conventional concrete further amplifies the potential global CO 2 avoidance of Type 1-b.
Process Type 1-a and Type 2-a both use solid wastes for MC to produce aggregate and alternate cement, respectively. To avoid overlap of feed usage, it was assumed that APCr and ultramafic tailings are used for 1-a, and SS and FA are used for 2-a. In both cases here, the product markets of aggregate and cement are much larger than the available feedstock. Hence, the global CO 2 avoidance is based on carbonating all the available feed to its maximum extent.
Process Type 2-c shows low potential for global CO 2 avoidance due to the low demand of magnesite-based products. The potential could be increased for Type 2-c through the development of new products, to be discussed in the section titled "Proposing new products."
Overall, Table 6 indicates that global deployment current commercial efforts could result in the avoidance of more than 3 GtCO 2 year -1 . The major limitation of the analysis shown here is a lack of knowledge on the process efficiency for commercial processes. Energy requirements for the process could result in additional carbon emissions, decreasing the process's emission avoidance. However, this could be ignored if the process is powered by carbon-free energy. Additionally, due to lack of specific company process specifications, it was assumed that 100% Mg and Ca contained in the feed was converted to carbonate products. This is an optimistic value and is likely unachievable. Still, technological advancements as the processes mature, can be expected to bring further increases in conversion. These factors further necessitate the distinction of global CO 2 avoidance values as a 'maximum' .
Proposing new products
Most of the current commercial efforts involve creating Ca-based products due to many factors, as prefaced previously in this review. Generally, industrial wastes are richer in Ca, while natural minerals and brines are often richer in Mg. Further, it has been found that CO 2 binds more strongly to CaO than MgO. 127 Although creating Ca-based products is currently easier and cheaper, developing viable Mg-based products is necessary to exploit the vast quantity of Mg-silicate minerals available for CCUS. The following sections outline additional options that could be explored for CCUS through MC. While the use of carbonates in the pharmaceutical, agricultural, and refractory metals industries could be suggested (Fig. 1) , the end uses ultimately result in the release of CO 2 and will not be discussed further.
Precipitated calcium carbonate
Precipitated calcium carbonate (PCC) is a form of calcium carbonate that is a well-established filler material and coating pigment in premium paper products, particularly due to its brightness, and is often produced in slurry form near paper mills. As PCC is chemically synthesized, its manufacture can be controlled to achieve specific particle sizes and crystal shapes, giving it unique polymer applications. 128 PCC differs from limestone, that is, ground calcium carbonate, in that it is brighter, smaller in particle size, less abrasive, and purer. 20 As of 2014, the market for mineral fillers and pigments is about 14 Mt year -1 with a high value of 375-550 USD t -1 , while the world's ground calcium carbonate market is 75 Mt with a lower value of 26-185 USD t -1 depending on fineness. 20 A challenge in producing PCC is product purity, as specifications often require >99%. 129 However, the selling value of PCC could be high enough to absorb additional costs incurred through achieving such high purity.
Magnesia cements
The addition of MgO to ordinary PC mixtures brings complications due to added expansion. Hydration of MgO to brucite results in a molar solid volume expansion of 117%, compared to that of CaO to portlandite of about 90%. 130 However, MgO-based cements have been proposed as an alternative to PC, bringing the advantage of lower calcination temperature and ability to carbonate MgO within the cement. Despite this, overall research is not sufficiently developed to overcome the barriers to large-scale implementation. When considering the (MgO/CaO)-Al 2 O 3 -SiO 2 phase diagrams, there is no Mg-analog for the basic Ca-based cement species, indicating that using MgO-based cements is not nearly as simple as replacing CaO with MgO. While MgO-based cements may find markets in niche applications such as precast concrete, the lack of understanding and higher cost will prevent them from large-scale implementation. 131
Flame-retardant fillers
Hydrous Mg-carbonates are used in some cases as flame-retardant fillers in products such as textiles, polymers, rubbers, and paints. As the more conventionally used flame retardants involve release of halogen radicals, mineral fillers have gained attention as a more environmentally friendly option. In fact, a flame-retardant product using a mixture of hydromagnesite and huntite exists on the market today with increasing demand. 132 Mineral fillers are ideal as they absorb heat through endothermic decomposition, form a protective inert layer on the material surface, and release inert diluent gases, that is, H 2 O and CO 2 . 133 The decomposition of hydromagnesite and nesquehonite occurs in separate stages, where the loss of water molecules occurs around the initial decomposition temperature in Table 7 , and the CO 2 molecule(s) are removed later around 456-650 and 450°C, respectively. 133, 134 Although this end-use could result in release of captured CO 2 , the combustion reaction would need to proceed to a higher temperature. Moreover, this end-use is still an upgrade from conventional flame retardants in terms of performance and emissions of halogenic fumes. Additionally, it incorporates hydrous Mg-carbonates that are otherwise difficult to utilize. A troubling aspect of this end use is the market size, as only about 2.21 Mt of flame retardants are used per year within plastics, electronics, construction material, and textiles. 135 Despite this, new market potential exists for fire resistant paints. Most traditional paints lack fire-retarding properties, and construction methods are evolving to adopt fire resistant materials. 136 The incorporation of hydromagnesite at 5.5 wt% in paint causes the paint to form a dense foam due to the crystalline water present in hydromagnesite. This foam acts as a protective surface barrier that prevents diffusion of combustible gases. 134 This application gives first responders invaluable time to arrive at the scene, minimizing property damage and injuries. We estimate that coating an average new US home's 137 interior walls with this paint would account for just over 1 kgCO 2 utilized. Considering the 1.4 billion gallon demand of paints and coatings in 2020, 138 up to 162 MtCO 2 could be utilized.
Work still needs to be done on determining the effects of different mineral fillers on the properties of the material in which they are being implemented. The high filler volume sometimes necessary for adequate fire protection can exacerbate any other detrimental effects. Further, their use can also be limited by particle size, which should be smaller than the host material. 139 
Utilization of silica byproduct
Additionally, there may be a new market for replacing sand as a fine aggregate. Sand is a key ingredient for concrete, asphalt, glass, electronics, land reclamation projects, shale gas extraction, and beach nourishment programs. 140 About 16.5 Gt of sand is used each year as a construction aggregate alone. 19 Among others, sand mining has an impact on biodiversity, water supply by lowering the water table, and loss of land through erosion. 141 The banning of sand mining in some countries has even led to rise of organized crime groups involved in illegal trade of soil and sand. 140 While it has become a scarce resource in some parts of the world, it is unclear whether global demand exceeds supply. 142 Most sands used are mainly quartz, SiO 2 , and are defined by a particle size 0.0625-2 mm. 143 This could be replaced by the SiO 2 that is produced as a byproduct in MC processes.
Outlook for CCUS with MC
MC presents the opportunity to mitigate a significant portion of anthropogenic CO 2 emissions. While the process is still gaining maturity on the industrial level in terms of efficiency and cost, some of the cost can be compensated through the utilization of carbonate products. This study reviewed the state-of-the-art in indirect MC processing, alkaline feedstock availability, and market potential of carbonate products. Several commercial efforts currently exist which use MC to create and sell products, all of which are concentrated within the construction industry. General company process types were identified based on their alkaline feed and carbonate products ( Fig. 4) and their potential for global CO 2 avoidance was evaluated ( Table 6 ). While each process type presents varying degrees of potential to avoid CO 2 emissions, further investigation reveals that other factors play a role in overall market readiness. The essential findings of the review are given below, with emphasis on relevance to the field's outlook:
1. Immediate commercial efforts should look towards carbonation of industrial or mining wastes to produce precast concrete blocks. Here, the alkalinity source requires minimal preparation or transportation, and the products face less resistance to market acceptance. Locations such as iron/steel plants without pre-existing waste utilization should evaluate MC processes for immediate deployment. 2. Processes which alter traditional PC-based concrete present the highest potential for CO 2 avoidance and have exhibited commercial readiness but are likely to face some resistance. Contractors and manufacturers are hesitant to switch from familiar products to new and unproven ones. Additionally, most industry standards prescribe specific amounts of materials rather than specifications based on product performance. Efforts are being made around the world to convert to such performance-based standards to ease the integration of new building materials from MC products. 106, 144 Upcoming MC CCUS endeavors should adopt business models that cater to the industry professionals, for example, producing alternative cement at the site of the cement producer, where they are able to have more control over process conditions to ensure the reliability of the product. 119 3. Utilization of Mg-based carbonates still faces multiple limitations. While Mg-rich silicate minerals are highly abundant, they require costly mining and transportation to CO 2 sources for MC processing. Further, product selectivity is difficult to control, where several hydrated and anhydrous carbonates can be synthesized possessing different properties. Moreover, there is not currently a sufficient market demand for Mg-based carbonates.
Research should focus on an increased understanding of long-term properties of MgO cements and the development of new products, such as the flame-retardant mineral fillers proposed here. 4. Areas of research were also proposed to advance indirect MC processes. This primarily involves energy integration using the exothermic carbonation reaction, process scale-up through carbonation with flue-gas conditions, and product materials characterization.
